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ABSTRACT 

Techniques  for  predicting  the  nanisms  uplift  forces  which  raay  be 
applied  to  direct  embedment  anchors  without  causing  the  anchor  to  pull 
out  are  provided.  This  holding  capacity  problem  is  subdivided  into 
three  categories:  iEoediate  breakout,  long-terra  static  load,  sad  long¬ 
term  repeated  load.  Holding  capacities  under  long-terra  repeated  and 
long- terra  static  loading  conditions  are  poorly  understood  at  present. 

It  was  therefore  necessary  to  cceblne  work  frcs  other  areas  with  a 
snail  ascvnt  of  directly  applicable  work  to  yield  approximate  isaadiate 
use  results.  For  each  manner  of  loading  considered,  two  general  types 
of  seafloors  are  considered:  cohesionless  and  cohesive  soil.  Rock  is 
not  considered  in  tills  report. 

To  simplify  the  holding  capacity  prediction  process,  the  suggested 
procedure  is  outlined  without  rationale  in  a  block  d ingress  with  each 
I  ten  of  the  diagram  being  briefly  discussed.  A  sample  problem  is  also 
presented. 
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Techniques  for  predicting  the  maximum  uplift  forces  which  nay  bo 
applied  to  direct  embedment  anchors  without  causing  the  anchor  to 
pull  out  are  provided.  This  holding  capacity  problem  is  subdivided 
into  three  categories:  tarsediate  breakout,  long-term  static  load, 
and  long-tern  repeated  load.  Holding  capacities  under  long- tens 
repeated  and  long-tern  static  loading  conditions  are  poorly  under¬ 
stood  at  present.  It  was  therefore  necessary  to  combine  work  frcn 
other  areas  with  a  snail  amount  of  directly  applicable  work  to  yield 
approximate  Jtesediate  use  results.  For  each  manner  of  loading  con¬ 
sidered,  two  general  types  of  seafloors  are  considered:  cohesion- 
ices  and  cohesive  soil.  Rock  is  not  considered  in  this  report. 

To  simplify  the  holding  capacity  prediction  process,  the  sug¬ 
gested  procedure  is  outlined  without  rationale  in  a  block  diagram 
with  each  item  of  the  diagram  being  briefly  discussed.  A  sample 
problem  is  also  presented. 
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INTRODUCTION 


The  purpose  of  this  report  is  to  provide  techniques  for  predicting 
the  maxi  nuns  uplift  forces  which  stay  be  applied  to  direct  embedment 
anchors  without  causing  the  anchors  to  pull  out.  These  forces  will  be 
identified  as  the  anchor  holding  capacities.  Since  holding  capacity 
is  not  a  property  of  a  particular  anchor  but  Bay  vary  considerably 
with  seafloor  type,  embedment  depth,  and  method  of  loading,  this  report 
shews  hew  these  factors  influence  holding  capacity  and  how  to  design 
anchors  conservatively  in  a  variety  of  situations. 

It  is  necessary  to  subdivide  the  holding  capacity  problem  into 
categories.  The  first  subdivision  is  based  on  method  of  loading  of 
which  three  will  be  considered: 

(a)  ic®?ediate  breakout 

(b)  long-term  static  load 

(c)  long-term  repeated  load 

Immediate  breakout  describes  the  situation  in  which  the  anchor  is 
loaded  as  rapidly  as  possible  until  breakout  occurs.  Most  field  tests 
have  been  conducted  in  this  manner,  and  most  of  the  theoretical  results 
are  directed  toward  it.  This  loading  method  is  presented  first  because 
long-term  holding  capacities  are  usually  presented  as  fractions  of  the 
immediate  capacity.  Long-term  static  holding  capacity  refers  to  the 
situation  in  which  an  anchor  pulls  out  after  a  constant  upward  force 
has  been  applied  over  a  long  period  of  time.  This  holding  capacity 
would  be  associated  with  moored  objects  such  as  submerged  buoys.  Re¬ 
peated  loading  involves  a  line  force  which  varies  considerably  with  t!*»e 
and  which  can  be  approximated  by  a  sinusoidally  varying  force  with  a 
certain  period  and  amplitude.  Moored  surface  buoys  and  ships  can  pro¬ 
vide  this  t*ne  of  force  application.  For  each  manner  of  loading  two 
general  types  of  seafloors  are  considered:  cohesionlessi  and  cohesive 
soil.  Rock  is  not  considered  in  this  report. 

IMMfblATIf  HOLDING-  CAPACITY 

The  commonly  used  equation  for  representing  the  holding  capacities 
of  embedment  anchors  is  the  following  (Vesic,  1969): 

F_  «  A  (cN  +  y  DN  )  (1) 

T  c  o  q 

where  F^  =  holding  capacity  (lbs) 
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A  *  fluke  area  (ft) 
c  *  cohesion  of  soil  (psf) 

*  buoyant  unit  weight  of  soil  (pcf) 
D  *  fluke  easfcedssent  depth  (ft) 


holding  capacity  factors 


The  equation  is  relatively  general  and  can  be  applied  approximately 
to  aloost  any  fore  of  loading.  However,  the  holding  capacity  factors 
and  the  cohesion  «ay  vary  with  loading  eode  and  have  been  found  to  vary 
with  soil  type,  density,  and  relative  anchor  esbedeent  depth,  D/B,  where 
B  is  the  fluke  width.  The  aajor  probJLea  of  estimating  holding  capacity 
is  then  one  of  estiaating  c,  H  ,  and  N  . 

Before  discussing  *ethodsCfor  estiaating  these  factors,  it  should 
be  noted  that  Equation  1  refers  to  square  or  circular  flukes.  In  order 
to  account  for  rectangular  flukes,  the  following  relation  derived  free 
bearing  capacity  equations  (Skeapton,  1951,  Hansen,  1957,  and  Meyerhoff, 
1951)  is  suggested* 


F  *  A  (cM  +  yJ®  )  (0.84  +  .16  B/L) 
T  c  o  q 

where  B  «  fluke  dlaneter  or  width 


(2) 


L  *  fluke  length 

Compatible  units  should  be  used  in  all  equations  of  this  fora. 
Cohesive  Soils 


The  strength  of  soils  is  generally  given  by  the  Kchr-Coulirab 
equation: 

Tj  «  c  +  H  tan  0  (3) 

where  «  shear  strength 

c  *  cohesion 

H  -  Dorsal  -force  on  failure  plane 
#  *  internal  friction  angle 

The  equation  states  slaply  that  soils  nay  be  partly  frictional  and 
partly  cohesive  in  their  response.  With  cohesionless  soils  (sands), 
the  behavior  is  strictly  frictional  (c  -  0) ,  while  with  cohesive  soils 
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(clays),  the  behavior  may  be  both  cohesive  and  frictional ,  depending  upon 
the  time  factor.  If  loading  is  slot?  or  long- teres,  cohesive  soils  behave 
in  a  frictional  manner  somewhat  similar  to  sands.  However,  when  loading 
i3  rapid,  the  behavior  is  quite  different  in  that  the  frictional  element 
disappears  (0  appears  equal  to  0)  and  the  cohesive  element  becomes 
equal  to  the  shear  strength.  For  this  case,  the  holding  capacity  factor 
S  (which  is  the  frictional  factor)  reduces  to  1.0  and  the  cohesion,  c, 
becomes  the  measured  short-term  shear  strength.  In  a  later  section, 
methods  for  estimating  and  averaging  soil  strength  properties  will  be 
given.  For  cohesive  soils.  Equation  2  reduces  to 

F_  *  A  (d  +  Y  D)  (0.84  +  .16  B/L)  (4) 

ICO 

The  only  remaining  problem  in  estimating  the  short-term  bolding 
capacity  in  cohesive  soil  is  that  of  estimating  N  .  This  quantity  has 
been  found  to  increase  almost  linearly  as  a  function  of  D/B,  reaching  a 
constant  final  value  of  around  N  =9  (Ali,  1969;  Kupfermata,  1971;  and 
Adass  and  Hayes,  1967),  at  certain  D/B  values  which  appear  to  be  functions 
of  soil  shear  strength.  The  point  at  which  N  becomes  independent  of 
D/B  is  usually  indentifiec  as  the  point  of  separation  between  "shallow" 
and  "deep"  anchor  behavior.  These  terms  will  be  discussed  in  greater 
detail  later. 

Simplified  results  of  short-term,  small-scale  pullout  tests  in 
clay  are  plotted  in  Figure  1.  The  test  data  are  somewhat  limited  and 
scattered  (scatter  not  shown_to  simplify  diagram);  however,  the  plot  does 
illustrate  the  variation  of  N  with  the  overage  shear  strength.  Con¬ 
servative  approximations  tc  tfie  data  are  presented  In  Figure  2  and  can 
be  represented  by  the  relations: 

Nc  -  3.8  (D/B)  +  0.3)  (5) 

or  Kc  -  9,  whichever  is  smaller,  for  0.75  psi  <c  <4  psi. 

If  c  is  less  than  0.75  psi  or  greater  than  4  psi,  engineering  judg¬ 
ment  indicates  that  it  should  be  asstced  equal  to  0.75  psi  or  4  psi, 
respectively,  for  purposes  of  calculating  H  . 

The  suggested  technique  for  estimating0 the  short-tena  holding  capa¬ 
city  of  an  embedment  anchor  in  cohesive  soil  is  to  use  Equation  4  with 
N  obtained  froa  Equation  5. 

This  procedure  appears  to  be  valid  for  predicting  short-terra 
holding  capacities  and  in  designing  anchors.  However,  whan  the  results 
of  field  anchor  tests  are  to  be  evaluated,  it  is  necessary  to  consider 
another  factor  which  is  usually  identified  as  suction. 

When  a  load  is  first  applied  to  an  anchor  embedded  in  soil,  it  may 
be  carried  either  by  shearing  stresses  in  the  soil  over  the  anchor  or 
by  negative  gage  pressures  (suction)  in  the  water  contained  by  the  soil 
beneath  the  anchor.  In  time  the  suction  pressures  will  dissipate  and 
thereby  decrease  the  holding  capacity.  This  is  almost  strictly  e  probless 
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associated  with  short-tern  capacities  in  cohesive  soil  since  suction 
pressures  dissipate  almost  immediately  in  sand.  Also  it  is  a  problem 
associated  prinarly  with  field  tests  since  laboratory  tests,  such  as 
those  presented  in  Figure  1,  are  usually  performed  with  anchor  bottoms 
vented  to  eliminate  suction.  It  is  important  to  recognize  that  short¬ 
term  field  test  results  nay  be  unconservatively  high,  and  it  would  be 
desirable  to  be  able  to  predict  the  extent  of  these  suction  forces  so 
that  they  nay  be  subtracted  from  the  neasured  holding  capacities  to 
yield  nore  reliable  results. 

Only  United  research  has  been  conducted  to  investigate  the  aagni- 
tude  of  suction  forces.  Papers  published  at  Duke  University  (Vesic,  1969, 
and  All,  1968)  and  the  University  of  Massachusetts  (Kupferssan,  1971) 
nention  the  suction  effect  as  inport ant  but  do  not  provide  information 
on  how  to  evaluate  it. 

The  NCEL  research  on  breakout  of  partially  embedded  objects  is 
somewhat  applicable  because  suction  is  thought  to  be  the  aajer  contributor 
in  this  form  of  breakout.  As  a  result  of  this  research  (NCEL,  1972) 
it  was  concluded  that  the  significant  parsseters  in  partially  embedded 
object  breakout  are  the  soil  shear  strength,  c,  and  the  relative  embed¬ 
ment  depth,  D/B.  For  immediate  breakout  to  occur,  rupturing  of  the  3oil 
beneath  the  object  is  required,  thus  the  significance  of  c.  It  was  found 
that  for  a  relative  embedment  depth  of  1.0,  the  breakout  force  was  equal 
to  about  7  Ac,  where  A  is  the  object  plan  area.  It  appears  that  this  is 
a  maximum  value  for  the  suction  force  and  that  further  increases  with 
depth  will  not  occur. 

Research  of  the  Hydro-Electric  Power  Commission  of  Ontario  (Adams 
and  Hayes,  1967)  provides  additional  information  on  the  soil  suction 
problem.  Laboratory  testa  performed  with  soft  (c  =  1.5  to  2.0  psi)  clay 
ami  vented  and  unvented  flukes  yielded  results  which  ccspare  favorably 
to  the  NCEL  results.  The  data  indicate  that  the  suction  effect  at  D/B 
ratios  of  approximately  3  and  6.5  is  about  7  Ac,  which  is  equivalent  to 
stating  that  the  holdii^  capacity  coefficient  attributed  to  suction  is 
about  7. 

The  NCEL  and  Ontario  Eydro-Electl’ic  data  can_be  used  for  design 
purposes.  This  is  done  in_Figure  3  in  which  the  N  for  full  suction 
(N  =  N +  7)  divided  by  il  for  no  suction,  EquatfSn  5,  is  plotted 
versus  the  relative  ea&edce&t  depth,  D/B.  The  ratio  of  the  two  N  ’s  is, 
if  effect,  a  reduction  factor  which  should  be  applied  to  the  resuits  of 
field  testa  on  anchors  embedded  in  soft  clay.  This  may  be  done  by  first 
subtracting  the  quantity,  rb  DA,  fro*  the  measured  pullout  force,  dividing 
the  result  by  the  reduction  factor  of  Figure  3,  and  then  adding  y  DA  to 
yield  the  anticipated  short-term  holding  capacity  without  suctionbunder 
static  loading  conditions.  Due  to  inherent  uncertainties  involved  in 
predicting  the  magnitude  of  the  suction  effect  on  a  “shallow"  anchor, 
when  anchors  are  to  be  field  tested,  it  is  recaaenSed  that  these  tests 
be  performed  on  deep  anchors  (D/B>  5)  where  shear  strength  is  not  a 
dominant  parameter  in  determining  the  reduction  factor. 

Host  seafloor  clays  would  be  considered  "soft"  so  this  suction  factor 
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should  he  applied  in  all  cas as  where  a  clay  bottom  is  encountered .  The 
c  *  1  psl  curve  is  applicable  to  the  behavior  anticipated  of  deep  ocean 
clays.  No  research  applicable  to  silt  bottoos  is  available.  Therefore, 
to  be  conservative,  the  same  safety  factor  used  with  clays  should  also 
be  used  with  silts. 

Cohesionless  Soils 

As  discussed  earlier,  the  shear  strength  of  cohesionless  soils  is 
purely  frictional  with  the  cohesion,  c,  being  equal  to  zero.  Equation  2 
then  reduces  to 


F  *  A  Y  D  N  (0.84  +  .16  B/L)  (6) 

r  b  q 

The  problem  i_n  estimating  the  short-term  holding  capacity  in  i  .rods 
is  in  estimating  N  .  The  suggested  technique  for  doing  this  is  presented 
in  Figure  4  in  the^form  of  plots  of  N  as  a  function  of  relative  esbed- 
ment  depth,  D/B,  and  soil  friction  an|le,  i  .  The  curved  portions  of 
the  plots  were  derived  from  the  theoretical  work  of  Vesic  (1969) .  The 
points  at  which  the  plots  break  and  N  becomes  independent  of  D/B  f  *e 
the  points  of  separation  between  "shallow"  and  "deep"  anchor  behavior. 

In  "shallow"  behavior  the  zone  of  soil  failure  which  occurs  when  the 
hold lag  capacity  is  reached  extends  to  the  surface,  while  in  "deep* 
behavior  it  does  not.  The  points  of  separation  between  the  two  fons  of 
behavior  were  obtained  from  the  work  of  Meyerhof  and  Adams  (1968) .  The 
independence  of  N  with  respect  to  D/B  after  "deep”  behavior  has  begun 
is  in  coraplicanceSfith  generally  accepted  concepts. 

The  recommended  procedure  for  predicting  the  short-term  holding 
Rapacity  in  cohesionless  soil  (sand)  is  to  use  Equation  6  with  values  of 
N  obtained  from  Figure  4.  Techniques  for  estimating  the  soil  parameters 
rand Y ^  will  be  given  in  a  later  section. 

The  problem  of  suction  probably  does  not  occur  with  cohesionless 
soil  because  of  high  permeability  which  allows  negative  gage  pressures 
beneath  the  anchor  to  dissipate  rapidly.  The  results  of  short-terra  field 
tests  may  be  assumed  to  represent  the  proper  short-term  holding  capacity. 


LONG-TERM  STATIC  HOLDING  CAPACITY 


Cohesive  Soil 


The  long-term  static  response  of  cohesive  soils  may  be  separated  into 
the  areas  of  drainage  and  creep. 

Drainage .  Drainage  occurs  whenever  soil  pore  water  pressures,  either 
negative  or  positive  gage,  are  set  up  during  loading.  Almost  any  form 
of  loading  will  generate  pore  pressures,  so  water  flow  into  or  out  of 
the  soil  with  time  is  to  be  expected  in  virtually  all  cases.  The  water 
flow  in  turn  will  cause  a  change  in  soil  density  with  a  resulting  change 
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in  strength.  Ideally  a  prediction  of  long-term  anchor  response  would 
involve  a  prediction  of  the  stress  distribution,  a  laboratory  analysis 
of  the  so*l  to  determine  how  these  stresses  change  the  soil  strength, 
and  finally  a  stability  analysis  to  determine  how  the  holding  capacity 
will  vary  with  tisse.  This  type  of  prediction  is  currently  inpossible, 
and  additional  research  Is  needed  to  determine  under  which  conditions 
negative  pore  pressures  (which  lead  to  a  decrease  in  holding  capacity 
with  time)  are  set  up,  the  magnitude  of  these  pressures,  and  the  anaur? t 
by  which  the  soil  strength  changes  with  time  under  the  influence  of 
these  pressures. 

Before  research  of  this  type  is  accomplished.  It  is  possible  to 
apply  a  limited  amount  of  previous  work  to  yield  approximate  values  for 
design.  Several  researchers  (*?eyerhof  and  Adams  1968;  Kupf ersan ,  1971) 
have  noted  the  development  of  tension  cracks  on  the  soil  surface  above 
loaded  embedment  anchors .  These  cracks  probably  indicate  the  existence 
of  negative  normal  stresses,  caused  by  negative  pore  pressures,  which, 
if  allowed  enough  time  to  dissipate  would  lead  to  reduced  strength  in 
the  overlying  soil.  The  existence  of  these  stresses  is  further  doc  raises  ted 
by  the  research  described  in  Adams  and  Eaves,  1967.  These  a«tK  is  also 
conclude  that  for  deeply  embedded  anchors  positive  rather  <es  negative 
pressures  would  So  data  is  presented  to  subs** relate  this, 

however. 

An  approximate  means  for  analyzing  anchor*  embedded  is  cohesive 
soil  under  long-term  drained  conditions  is  presented  in  Meyerhof  and 
Adams  (1968).  The  technique  suggested  is  to  use  the  standard  holding 
capacity  equation  (Eq**sticn_2)  with  5  and  5  obtained  using  the  drained 
strength  parameters  (c  and  ;  )  of  the  cobesivf  soil.  This  is  dot®  in 
recognition  of  the  fact  that  cohesive  materials  behave  as  primarily 
frictional  materials  under  long-term  conditions.  Two  problems  exist, 
however;  one  theoretical  and  the  other  practical.  Theoretically  there 
is  reason  to  doubt  that  the  sosseafiat  empirical  relations  for  ctrialsiss 
K  which  were  developed  for  sands  will  apply  to  clay.  The  failure  nodes 
involved  may  differ  considerably  by  virtue  of  the  tisse  element.  There 
is  reason  to  believe  that  the  anchors  In  clay  will  fail  progressively, 
thereby  generating  failure  surfaces  quite  different  fross  those  produced 
In  rapid,  drained  loading  of  sand.  Even  with  this  theoretical  triplica¬ 
tion,  however,  the  use  of  the  standard  equation  with  drained  parameters 
should  lead  to  approximately  correct  estimates. 

The  major  prtAlss  is  the  practical  esse  of  estimating  the  drained 
strength  properties  of  the  soil.  Good  quality  samples  and  careful  tri- 
axial  testing  would  be  required  to  yield  the  required  parameters ,  and 
this  would  be  expensive,  tine  consisting ,  and  probably  not  justified  for 
most  problems.  Ongoing  research  at  BCH  should  provide  means  for  approx¬ 
imately  estimating  drained  properties  of  cohesive  seafloor  soils.  Sfeeever, 
for  tawed iate  use,  it  is  necessary  to  resort  to  empirical  correlations 
developed  for  Mils  on  land  in  lieu  of  performing  trlaxlal  tests .  One 
applicable  relation  is  given  by  Bjerrtea  and  Simons  (1960)  in  which  the 
drained  friction  angle,  t,  la  plotted  verses  the  plasticity  index. 
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Froe  this  plot  it  appears  that  a  selection  of  t  equal  to  25  will  be 
conservative  for  all^but  the  most  plastic  soils.  If  the  other  drained 
strength  parameter,  c,  is  assumed  equal  to  0,  a  conservative  design  is 
virtually  guaranteed. 

In  smeary,  the  following  procedures  are  suggested  for  predicting 
the  long-term  holding  capacities  of  embedment  anchors  in  cohesive  sea¬ 
floor  soils  subjected  to  static  loads.  These  are  immediate  use 
suggestions  and  should  be  supplemented  by  additional  future  research. 

1.  Assume  t  *  25°,  c  *  0.  _ 

2  Use  Equation  6  with  the  estimate  of  $  to  calculate  long-term 
holding  capacity. 

3.  Calculate  the  short-term  holding  capacity  using  Equation  4 
(with  c  *  short-term  or  undrained  shear  strength). 

4.  If  a  short-term  breakout  test  is  performed,  eliminate  the 
suction  effect  according  to  Figure  3  to  determine  short-term  holding 
capacity. 

5.  Compare  short  and  long-term  static  capacities  and  use  the 
lower  value  for  design. 

It  is  anticipated  that  the  critical  static  situation  for  shallow  anchors 
will  be  long-term  loading  and  for  deep  anchors,  short-term  loading. 

Creep.  Many  cohesive  sediments  are  susceptible  to  shear  creep 
as  well  as  strength  reduction  as  a  result  of  drainage.  Shear  creep 
implies  a  situation  whereby  long-term  shear  straining  occurs  under  the 
influence  of  a  constant  state  of  stress,  and  on  land  a  situation  known 
as  "creep  rupture"  has  been  found  to  occur.  In  this  situation  the  rate 
of  shear  creep  Increases  with  time  until  ultimately  a  complete  failure 
occurs.  In  some  soils  creep  rupture  has  occurred  at  stresses  as  low 
as  60  percent  of  the  measured  strength  (Singh  and  Mitchell,  1968). 

Virtually  nothing  is  known  about  the  creep  response  of  seafloor 
soils.  It  is  anticipated,  however,  that  their  creep  characteristics 
will  not  be  any  worse  than  those  of  the  worst  terrestrial  soils.  There¬ 
fore,  a  factor  of  safety  of  1.7  should  be  adequate  to  prevent  "creep 
rupture"  type  fe  xures.  This  factor  of  safety  is  probably  overconserva¬ 
tive  for  most  installations  and  is  recommended  only  for  use  in  the 
design  of  critical  or  manned  structures. 

Cohesion less  Soils 

Cohesionless  soils  are  generally  not  susceptible  to  creeping  and 
the  techniques  for  predicting  short-term  holding  capacities  given 
earlier  assume  that  drainage  occurs  instantaneously.  It  is  reasonable 
to  assume,  therefore,  that  long-term  static  holding  capacity  in  a 
cohesionless  soil  is  the  same  as  the  short-term  capacity. 
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LONG-TERM  REPEATED  LOAD  BOLDING  CAPACITY 

Eabedaent  anchor  system  which  are  used  to  raoor  surface  vessels  or 
buoys  will  be  subjected  to  a  combination  of  sustained  and  repeated  loads 
which  will  vary  with  the  tautness  of  the  system  and  the  nature  of  wave 
or  tidal  action.  Experience  with  land  soils  Indicates  that  soil-struc¬ 
ture  systems  do  not  react  in  the  same  way  to  sustained-repeated  load 
combinations  as  they  do  to  strictly  sustained  loads  of  the  same  magnitude. 
In  almost  all  cases  failure  occurs  at  a  lower  force  level  if  a  portion 
of  the  load  is  repeated.  In  designing  anchor  systems  for  long  terra  use, 
therefore,  it  is  necessary  to  consider  the  asount  by  which  repeated 
loading  will  reduce  the  holding  capacities. 

There  has  been  a  good  deal  of  research  on  the  response  of  soils  to 
repeated  loading.  Most  of  this  has  consisted  of  applying  repeated  loads 
to  cylindrical  soil  samples  in  triaxial  cells  and  determining  the  aracunt 
of  strength  reduction  produced  by  different  numbers  of  load  repetitions. 
The  purposes  of  this  research  were  to  determine  how  natural  soils  respond 
to  earthquake  loadings  and  how  compacted  soils  respond  to  vehicular 
traffic.  No  research  has  been  conducted  to  determine  how  natural  soils 
respond  to  repeated  loads  extending  for  long  periods  of  time.  Since  this 
raay  be  the  critical  case  for  anchor  loading,  it  is  necessary  to  extra¬ 
polate  the  results  of  the  existing  research. 

Virtually  all  soils  respond  adversely  to  repeated  loading.  However, 
some  soils  are  affected  more  strongly  than  others.  Lee  and  Fitton  (1969) 
provide  an  indication  of  the  influence  that  particle  grain  size  has  on 
the  strength  under  repeated  load  conditions.  Results  show  that  coils  in 
the  fine-sand  to  silt  range  (median  grain  size  between  0.2  and  0.02  mi) 
are  the  aost  susceptible  to  repeated  loading  with  clays,  sands,  and 
gravels  being  less  susceptible.  Data  provided  in  this  reference  cannot 
be  used  quantitatively;  however,  it  is  of  value  ir  indicating  which  soils 
are  most  troublesome. 

Cohesive  Soil 

There  are  several  reports  available  which  provide  specific  informa¬ 
tion  about  the  repeated  load  response  of  particular  soil  types.  An 
extensive  study  of  the  behavior  of  San  Francisco  Bay  raud,  a  cohesive 
marine  soil,  is  described  by  Seed  and  Chan  (1966).  Figure  5  summarizes 
many  of  the  test  results  obtained  during  this  study  in  which  pulsating 
stresses  were  applied  to  samples  of  bay  raud.  The  plot  indicates  the 
stress  state  (in  terras  of  pulsating  stresL-s  normalized  by  the  "normal" 
or  static  undralned  strength)  at  which  failure  will  occur  following  a 
specified  nuraher  of  transient  stress  pulses.  Values  exceeding  100  can 
be  attributed  to  the  short  duration  of  the  pulses  compared  to  the  static 
strength  test.  As  raay  be  seen  the  worst  situation  investigated  is  that 
in  which  the  applied  stress  is  repeated  900  times.  The  resulting  strength 
is  about  60  percent  of  the  static  strength  test. 

Since  these  tests  were  perforeed  to  investigate  earthquake  response. 
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larger  numbers  of  load  repetitions  were  not  investigated.  This  is 
somewhat  unfortunate  since  it  has  been  hypothesized  (La rev  and  Leonards, 
1962)  that  there  is  a  finite,  ultimate  repeated  load  strength  which 
applies  for  numbers  of  repeated  loadings  approaching  infinity.  It 
would  be  of  interest  to  know  how  the  ultimate  strength  relates  to  the 
900  load  repetition  strength. 

Data  from  full  scale  tests  using  screw  piles  subjected  to  repet ive 
loads  on  a  soft  clay  land  soil,  Trafissenkov  and  Mariupolsuii  (1965), 
indicate  that  strength  reduction  could  be  on  the  order  of  50  percent, 
a  slightly  larger  reduction  than  that  indicated  by  the  San  Francisco 
Bay  mud  tests. 

A  laboratory  study  of  the  repeated  load  response  of  anchors  embedded 
in  clay  was  conducted  at  the  University  of  Massachusetts  (Besben  and 
Kupfennan,  1971).  The  results  indicated  a  very  complicated  process  of 
upward  anchor  displacement  with  time.  However,  the  results  do  not  appear 
sufficient  for  quantitative  design  of  practical  anchor  systems.  In 
general  a  reduction  factor  of  about  50  percent  of  the  short  terra  capa¬ 
city  appears  adequate  for  long- terra  repeated  loading  of  anchors  in 
cohesive  soil.  It  is  suggested  that  this  reduction  factor  be  applied 
directly  to  other  soils  when  additional  testing  is  not  feasible. 

Cohesionless  Soil 

The  problem  of  the  reduction  of  sand  strength  with  repeated  load 
application  is  somewhat  more  complex.  Lee  and  Seed  (1967)  investigated 
the  response  of  a  uniform  river  sand,  (grain  size  .15  to  .30  bsj)  placed 
at  several  different  relative  densities  and  subjected  to  10  load  repe¬ 
titions.  The  specimens,  tested  in  the  undrained  condition,  had  strength 
reductions  ranging  from  50  to  85  percent.  In  the  same  report,  it  is 
shown  that  75  to  90  percent  strength  reductions  occur  after  1000  cycles. 

This  could  be  a  very  dangerous  situation.  However,  one  way  in 
which  the  problem  could  become  less  severe  would  be  through  partial 
drainage.  Evidence  suggests  that  sand  strength  is  decreased  because  of 
a  buildup  in  pore  water  pressures.  If  these  are  not  allowed  to  dissipate, 
the  strength  reduction  will  be  extreme.  In  all  field  problems,  however, 
at  least  setae  pore  pressure  dissipation  will  occur  and  therefore  in¬ 
crease  the  repeated  load  strength.  This  then  becomes  a  complex  porous 
media  flow  problem  which  can  be  solved  only  through  model  and  field  tests. 

Repeated  load  model  anchor  tests  have  been  conducted  at  the  Univer¬ 
sity  of  Massachusetts  (Kaiajian,  1971)  on  a  loose  saturated  fine  to 
raediua  sand.  The  data  are  presented  as  the  peak  cyclic  load  normalized 
by  the  static  holding  capacity  as  a  function  of  the  cyclic  creep  rate. 

The  tests  were  not  continued  long  enough  to  establish  whether  cyclic 
creep  rate  dissipated;  however,  the  data  provide  comparisons  between 
’’shallow"  and  "deep"  anchor  behavior  under  cyclic  loading.  The  cyclic 
creep  rate  for  a  "shallow"  anchor  was  considerably  less  than  the  creep 
rate  for  deeply  embedded  anchor,  probably  because  of  partial  dissipation 
of  pore  pressures  and  subsequent  densif ication  of  the  sand  in  the  "shallow" 
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case.  For  "shallow  anchors"  it  was  found  that  creep  rates  were  negll- 
eye Hie  *-*»•*»  i <aga  £f*2^i  50  pssres???*  oC  fiHs 

capacity.  "Deep"  anchors  failed  at  lower  percentages  of  their  respective 
static  capacities.  It  is  reasonable  to  assume,  however,  that  in  no 
case  will  the  holding  capacity  of  a  "deep"  anchor  be  less  than  that  of 
a  "shallow"  anchor  sinply  because  the  anchor  Bust  be  pulled  through  the 
"shallow"  depth  range  before  ultiaate  pullout. 

Trofimenkov  and  Mariupolskii  (1965)  performed  what  are  the  only 
full-scale,  repeated  loading,  pullout  tests  of  anchors.  In  long-term 
repeated  load  tests  on  anchors  embedded  in  fine  and  medium  sands  of  loose 
to  medius  density,  the  holding  capacities  were  reduced  by  up  to  50  per¬ 
cent. 

The  test  series  mentioned  above  are  the  only  two  known  to  have 
been  performed  on  saturated  sand  where  drainage  was  allowed.  Although 
these  results  are  very  limited,  at  least  some  tentative  design  procedures 
can  be  developed  based  on  them.  For  "shallow"  embedment ,  a  maxiatjaa 
allowable  cyclic  load  of  50  percent  of  the  static  or  short-term  capa¬ 
city  is  recommended.  For  "deep"  embedment  a  conservative  design  should 
result  if  the  applied  cyclic  load  is  less  than  50  percent  of  the  static 
capacity  corresponding  to  the  transition  between  "deep"  and  "shallow" 
behavior. 

It  is  possible  that  the  required  reduction  factor  say  be  greater 
with  soil  in  the  silt-fine  sand  range.  It  is  suggested  that  seafloor 
soil  grain  size  characteristics  be  determined  whenever  a  direct  embed¬ 
ment  anchor  is  to  be  established  in  granular  soil  which  will  be  subjected 
to  repeated  loadings.  An  anchor  in  granular  soil  with  a  characteristic 
mean  grain  size  D__ ,  greater  than  0. 20m  should  be  designed  with  the 
repetitive  loading  factor  given  above.  If  the  soil  falls  in  the  silt- 
fine  sand  range,  between  .02  mm  -  .20  it  may  be  necessary  to 
use  a  different  anchoring  technique  or  employ  high  safety  factors 
(a  minimtflB  of  10).  Another  possibility  would  be  to  reduce  system 
tautness  and  thereby  reduce  the  effect  of  surface  wave  action  and  dampen 
repetitive  loading.  The  approach  depends  upon  systems  requirements,  system 
importance,  and  the  consequences  which  would  result  from  a  failure. 

Work  is  on-going  at  the  University  of  Massachusettes  under  a  KCEL  con¬ 
tract  to  evaluate  the  long-term  repeated  load  response  of  anchors  ezsbeded 
in  soil  in  the  silt-fine  sand  range. 

ESTIMATION  OF  SOIL  PROPERTIES 

In  order  to  use  the  prediction  equations  which  have  been  given,  it 
is  necessary  to  have  estimates  off_seweral  soil  properties.  Aside  from 
the  drained  strength  parameters,  c  and  $,  which  were  discussed  previously, 
the  pertinent  soil  parameters  are  the  soil  buoyant  unit  weight, y.  ,  the 
undrained  shear  strength  (for  a  cohesive  soil),  c,  and  the  angel  of 
internal  friction  (for  a  cohesionless  soil)  .  There  are  two  major  pro¬ 
blems  involved  in  estimating  these  quantities.  First  it  is  necessary  to 
estimate  the  distribution  of  these  properties  at  the  proposed  anchor 


10 


site;  an'i  second,  it  Is  necessary  to  select  a  characteristic  shear 
strength,  density,  or  friction  angle  (for  use  in  the  equations)  given 
a  possibility  of  strong  variation  of  these  quantities  with  sediment 
depth. 

Considering  the  first  problem,  it  would  be  preferable  either  to 
obtain  a  good  quality  core  and  performs  laboratory  tests,  perform  a 
meaningful  in-situ  test,  or  undertake  a  combination  of  in-si tu  and  labo¬ 
ratory  testing.  If  this  sort  of  program  cannot  be  accomplished,  it  is 
recGsaended  that  at  least  the  type  of  bottom  (cohesive  or  cchesionless) 
be  determined,  either  by  observing  a  disturbed  grab  sample  or  through 
a  careful  geologic  interpretation  of  the  general  area. 

If  the  general  sediment  type  is  determined  to  be  cohesive,  then 
the  use  of  the  soil  properties  (c  and  > .  )  illustrated  in  Figure  6  is 
recosssended.  These  properties  are  lov  tor  normally  consolidated  deep 
water  clays  and,  when  used  with  Equations  4  and  5,  should  provide 
conservative  estimates  of  holding  capacities.  An  exception  to  the  use 
of  Figure  6  would  be  a  region  of  rapid  sediment  deposition,  such  as  an 
active  river  delta.  In  this  case  the  soil  properties  should  be  meas¬ 
ured  directly  because  extremely  soft,  underconsolidated  clays  may  be 
encountered. 

If  the  bottom  is  determined  to  be  a  cohesionless  soil,  then  the 
use  of  an  angle  of  internal  friction,  I  ,  of  30  and  a  buoyant  unit 
weight,  of  60  pcf  is  recoisaended.  It  may  be  necessary  to  use  these 
conservative  values  in  almost  all  sandy  bottom  situations  since  good 
quality  sampling  of  sand  is  very  difficult. 

Given  these  property  distributions  it  is  still  necessary  to 
approach  the  second  problem  of  selecting  characteristic  or  averse 
values  for  use  in  the  holding  capacity  equations.  This  problem  is 
greatest  with  cohesive  ~oiis  since  their  property  variations  are  gener¬ 
ally  larger.  Experience  with  these  soils  indicates  that  reliable 
results  may  be  obtained  if  the  strength  and  density  are  averaged  over 
the  entire  depth  of  embedment  for  a  "shallow"  anchor.  For  a  "deep"  anchor 
however,  there  is  conflicting  d-sta  on  the  depth  range  over  which  the 
strength  should  be  averaged.  The  data  do  indicate,  however,  that  con¬ 
servative  predictions  should  result  if  the  strength  is  averaged  over  a 
zone  above  the  anchor  fluke  with  a  thickness  that  is  the  sme  as  the 
depth  at  which  "deep"  behavior  begins. 

For  a  uniform  strength  profile,  of  course,  the  appropriate  char¬ 
acteristic  strength,  c,  to  use  in  holding  capacity  calculations  is  the 
measured  strength.  For  a  profile  in  which  the  strength  increases 
linearly  from  near  zero  at  the  surface,  that  statements  of  the  proceeding 
paragraph  lead  directly  to  the  curves  of  Figure  7.  The  quantity  D/3  is 
determined  along  with  the  strength,  c  at  a  depth,  D,  (i.e. ,  at  the  anchor 
fluke).  Figure  7  is  entered  and  the  parameter  D  /B  is  obtained.  The 
characteristic  strength,  c,  for  use  in  predictlnf  holding  capacity  is 
taken  as  the  strength  at  a  distance  D  above  the  anchor  fluke.  For  Bore 
complex  profiles  a  trial  and  error  procedure  may  be  required  to  deter¬ 
mine  the  characteristic  strength.  To  simplify  the  probing,  profiles 
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should  be  reduced  to  either  uniform  or  linearly  increasing  strength 
whenever  possible. 

The  s a©e  sort  of  characteristic  property  selection  technique  would 
probably  also  be  valid  for  sand.  However,  since  the  determination  of 
the  variation  of  sand  properties  is  difficult,  this  procedure  is  not 
recommended.  Rather,  the  standard  properties  listed  previously  should 
be  used. 

SUGGESTED  PREDICTION  PROCEDURE 

In  order  to  sit^lify  the  holding  capacity  prediction  process,  the 
suggested  procedures  which  were  discussed  previously  are  listed  in  this 
section  without  rationale.  This  general  procedural  framework  is  shown 
by  the  block  diagrma  of  Figure  8  with  each  item  of  the  diagram  being 
discussed  briefly  below.  The  numbering  system  below  compare?  with  that 
of  the  diagram. 

In  virtually  all  cases,  an  anchor  should  be  installed  so  as  to 
display  "deep"  behavior.  In  all  of  the  curves  of  holding  capacity  or 
holding  capacity  paraaeters  versus  depth,  there  are  breaks  below  which 
the  holding  capacity  increases  less  rapidly.  This  behavior  in  the 
lower  sections  of  these  plots  is  termed  "deep",  and  it  is  advantageous 
to  establish  a  "deep"  anchor  because  errors  in  locating  the  anchor, 
either  during  installation  or  because  of  deformations  after  installation, 
do  not  cause  large  changes  In  holding  capacity.  The  anchor  is,  therefore, 
more  reliable. 

Hansen  (1953)  has  shown  that  holding  capacity  may  increase  up  to 
25  percent  in  clay  If  plates  are  rough  rather  than  smooth.  Therefore, 
to  improve  holding  capacity  plates  could  be  ritted,  grouved,  or  sieplv 
allowed  to  rust. 

A  step  by  step  approach  tor  calculating  anchor  holding  capacity 
is  as  follows: 

1.  Determine  Design  Parameters.  Determine  the  anchor  fluke  embed¬ 
ment  depth,  D,  width,  B,  length,  L,  and  area,  A.  In  a  typical  design 
problem,  the  anchor  dimensions  would  be  trial  values.  The  engineer 
would  proceed  through  the  calculations  to  cbtain  an  estimated  holding 
capacity  and  then  determine  if  it  satisfies  the  design  criteria  for 
the  anchored  syst^a.  If  not,  an  iterative  procedure  would  follow  with 
different  anchor  system  parameters  being  tried  until  a  satisfactory 
solution  was  developed. 

Estimating  the  embedment  depth,  D,  may  become  a  major  problem  in 
itself  depending  upon  the  means  used  for  anchor  installation.  Typical 
pile  driving  equations  may  be  used  approximately  for  vibratory  and 
impact  installation;  and  the  techniques  of  KCEL  (1971)  may  be  applied 
to  free  fall  and,  very  approximately,  to  explosive  embedment.  Research 
currently  underway  at  NCEL  will  provide  improved  techniques  for  pre¬ 
dicting  penetration  behavior. 
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2.  Determine  Soil  Type.  Determine  the  general  soil  type  (cohesive 
or  cohesionless).  This  will  be  obvious  from  the  visual  observation  of  a 
bottcss  sample,  even  a  very  disturbed  grab- type  sample.  In  areas  far 
from  ohore,  it  may  be  possible  to  estimate  the  bottom  type  given  a 
chart  of  the  regional  geology.  In  addition,  good  geophysical  data,  if 
available,  may  give  clues.  If  at  all  possible,  however,  a  bottom 
sample  should  be  obtained. 

3.  Detemaine  Short-Term  Holding  Capacity  for  Cohesive  Soil.  Steps 
3  through  5  assume  the  soil  has  been  determined  to  be  cohesive.  The 
procedure  to  be  followed  in  estimating  the  short-tern  holding  capacity 
depends  upon  whether  or  not  good  quality  cores  or  in-si tu  strength  data 
have  been  obtained  or  a  field  test  has  been  performed. 

Core  or  in-situ  data  available.  If  reliable  engineering  properties 
are  available,  the  procedure  is  as  follc%m: 

(a)  Plots  of  the  undrained  or  vane  shear  strength  and  unit  weight 
distributions  should  be  developed.  If  the  strength  and  density  are 
approximately  uniform  with  depth,  then  the  characteristic  strength,  c, 
and  characteristic  density.Y.,  are  simply  the  mean  values  over  the 
depth  range,  D.  If  the  strength  increases  approximately  linearly  with 
depth  from  a  value  of  near  zero  at  the  seafloor  surface,  then  the  plots 
of  Figure  7  should  be  used  to  obtain  the  characteristic  strength  and 
density.  This  is  done  by  first  calculating  D/B  and  taking  the  strength, 
c  ,  at  depth,  D,  from  the  strength  profile.  Figure  7  is  entered  with 
tfiese  values  and  the  quantity  D  /B  is  determined.  The  characteristic 
strength,  c,  and  density  are  thin  taken  as  the  strength  and  density  a 
distance,  D  ,  above  the  anchor  fluke.  For  sore  unusual  strength  and 
density  profiles,  either  a  conservative  uniform  or  linearly  increasing 
curve  should  be  drawn  through  the  data  or  an  experienced  seafloor  soils 
engineer  should  be  consulted. 

(b)  Given  D/B  and  c,  the  parameter  X  is  obtained  either  from 
Figure  2  or  Equation  5. 

(c)  The  short-term  holding  capacity  is  calculated  from  Equation  4. 

Soil  data  unavailable.  If  strength  and  density  profiles  are  not 
measured,  then  the  profiles  of  Figure  6  should  be  used  and  Steps  3a 
through  3c  repeated.  This  procedure  may  be  simplified  by  using  Figure  9 
and  obtaining  holding  capacity,  F  ,  directly.  It  should  be  noted  that 
in  almost  all  cases,  this  procedure  will  yield  unnecessarily  conservative 
holding  capacities.  If  at  all  possible,  strength  and  densities  for  the 
design  location  should  be  measured. 

Field  test.  In  some  research  and  practical  situations,  it  may  be 
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necessary  to  use  the  results  of  short-ter®  field  tests  to  obtain  design 
holding  capacities.  This  nay  be  a  good  means  of  reducing  uncertainties; 
however,  it  is  necessary  to  modify  the  seasured  capacities  to  account 
for  suction  forces,  or  unconservative  design  values  will  result. 

Figure  3  may  be  used  to  account  for  the  suction  effect.  Using  D/B  and 
an  estimate  of  c  (1  psi  should  be  a  reasonable  value  in  most  cases),  a 
reduction  factor,  R,  is  obtained.  This  is  inserted  into  the  equation 
given  on  the  figure  and  the  design  short-term  holding  capacity,  F^,  is 
calculated.  An  estimate  of  the  soil  unit  weight,  y^*  is  needed  and  may 
be  assu&ed  equal  to  25  pcf  in  most  cases. 

A.  Determine  Type  of  Loading.  Most  anchor  trial  tests,  salvage 
work,  and  other  projects  which  require  a  reaction  force  for  a  short 
period  of  time  are  considered  to  be  short  term  static  loadings.  Surface 
vessels  and  buoys  generally  exert  a  long-term  repeated  loading  condition, 
although  certain  designs  may  convert  the  repeated  load  into  a  virtual 
long  term  static  condition.  Subsurface  buoys,  suspended  arrays,  and 
other  suspended  structures  exert  long  term  static  loads. 


(a)  If  the  loading  is  short  term  static,  the  design  holding  capacity 
is  F^,  as  determined  in  Step  3c  or  3d. 

(b)  If  the  loading  is  long  term  repeated,  the  design  holding  capa¬ 
city  is  one-half  F^.  from  3c  or  3d.  This  capacity  refers  to  the  charac¬ 
teristic  peak  repeated  load. 

5.  Determine  Long-Term  Holding  Capacity.  If  the  loading  is  long 
term  static,  the  long  term  or  drained  capacity  must  be  estimated. 


(a)  The  drained  friction  angle,  $,  may  be  obtained  frra  a  trifflial 

or  similar  shear  test  on  a  high  quality  seaple.  If  such  a  test  is  not 
performed  then  a  conservative  value  of  25  may  be  ess@£d  for  most  co¬ 
hesive  soils.  __  __ 

(b)  Figure  A  is  entered  with  $  and  D/B,  and  the  parameter  H  is 
obtained. 


(c)  The  drained  holding  capacity  F_  is  obtained  from  Equation  6 
(substituting  F_  for  F_). 

(d)  F^  fro®  Step  5c  is  compared  with  F^.  from  Step  3c  or  3d  and  the 
lower  value  is  used  as  a  design  holding  capacity.  If  the  anchored 
system  is  critical  or  manned  the  result  should  be  multiplied  by  0.6  to 
account  for  possible  creep  effects. 


6.  Determine  Short-Term  Holding  Capacity  for  Cohesionless  Soil. 

Steps  6  through  9  assume  the  soil  has  been  determined  to  be  cohesionless. 
The  procedure  to  be  followed  in  estimating  the  short-term  holding  capacity 
depends  upon  whether  good  quality  cores  or  in-situ  strength  data  have 
been  obtained  or  a  field  test  has  been  performed. 


Core  or  in-situ  data  available.  If  this  information  is  availdje. 
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the  procedure  is  a a  follow?  ? 

(a)  The  friction  angle,  ♦,  and  unit  weight,  y  ,  in  the  vicinity  of 
the  anchor  fluke  shculd_be  estimated  (this  may  difficult). 

(b)  The  parameter  M  is  obtained  from  Figure  4,  given  $  and  D/B. 

(c)  The  short-fere  Holding  capacity,  is  obtained  f rcna  Equation  6. 

Soil  data  unavailable.  If  strength  data  are  unavailable,  then  the 
use  of  a  friction  angle  of  30  and  a  unit  weight  of  60  pcf  is  reco^anded. 
Design  curves  using  these  par^eters  are  presented  in  Figure  10.  The 
short-tens  static  holding  capacity,  F^,  say  be  taken  directly  fro®  the 
curves  given  L,  B,  and  D.  Linear  interpolation  between  the  curves  tsay 
be  used  for  values  of  B  not  presented. 

Field  test.  The  Pleasured  holding  capacity  fro®  a  field  test  can  be 
considered  to  represent  the  proper  short-term  holding  capacity,  because 
suction  will  not  be  significant  in  cohesionless  soil. 

7*  Determine  Type  of  Loading.  The  type  of  loading  should  be 
determined  in  a  manner  identical  to  that  of  Step  4  for  cohesive  soils. 

If  the  loading  is  short  or  long-term  static,  the  estimated  design  holding 
capacity  is  F  as  calculated  in  Step  6c,  6d,  or  as  measured  in  a  field 
test. 

8.  Determine  Grain  Size.  If  the  loading  type  is  long  tern  repeated, 
a  grain  size  analysis  of  a  disturbed  sample  should  be  performed.  If 

the  median  grain  size  is  found  to  lie  between  .02  and  .2  isa,  either  a 
different  mooring  system  design  should  be  developed  (i.e.,  one  which 
reduces  effects  of  repeated  loading)  or  high  factors  of  safety  (greater 
than  10)  should  he  used. 

9.  Pete mine  Anchor  Relative  Embedment  Depth.  For  other  grain 
sizes,  it  is  necessary  to  determine  whether  the  anchor  is  to  be  considered 
“deep"  or  "shallow”.  This  may  be  done  by  referring  to  either  Figures  4 

or  10,  and  determining  whether  the  particular  range  of  design  parameters 
places  D/B  below  or  above  the  sharp  breaks  in  the  curves. 

(a)  If  the  anchor  is  "shallow"  the  design  repeated  load  holding 
capacity  is  one-half  F^  from  6c  or  Cd. 

(b)  If  the  anchor  is  "deep",  it  is  necessary  to  calculate  the  short¬ 
term  holding  at  the  D/B  at  which  "shallow"  behavior  changes  to  "deep". 

This  D/B  corresponds  to  the  break  points  in  the  curves  of  Figures  4  and 

10.  The  saae  values  of  B,  L,  <i,  and  as  used  previously  should  be  used 
and  Step  6  should  be  repeated  with  the^new  D/B.  One-half  of  the  short¬ 
term  holding  capacity  calculated  using  these  parameters  should  be  used 
for  design  purposes. 
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SAMPLE  PROBLEM 


An  example  of  an  application  of  the  suggested  prediction  procedure 
follows.  The  step  identifications  are  identical  to  those  of  the  preceding 
section. 

P rob lea 

A  direct  embedaent  anchor  with  a  3-foot-wide  square  fluke  has  been 
placed  to  an  embedment  depth  of  15  feet  in  a  cohesive  soil  deposit.  A 
good  quality  core  has  been  obtained  and  the  measured  vane  shear  strength 
profile  may  be  approximated  by  the  curve  of  Figure  11.  The  buoyant  unit 
weight  has  been  measured  and  found  to  be  about  35  pcf  throughout  the 
profile. 

The  anchor  is  to  provide  support  for  one  leg  of  a  suspended  sub¬ 
surface  array  which  is  to  be  in  service  for  several  years.  Determine  the 
design  holding  capacity  of  the  anchor. 

Solution 

1.  D  *  15  feet 
B  *  3  feet 
L  *  3  feet 

A  *  3  x  3  »  9  square  feet 

2.  The  general  soil  type  is  cohesive. 

3.  A  core  is  available. 

(a)  The  vane  strength  distribution  is  as  shown  in  Figure  11. 

To  determine  the  characteristic  strength  it  is  necessary  to  use  Figure 
7.  D/B  is  calculated  to  be  15/3  *  5.  The  strength  at  the  anchor,  c  , 
is  found  from  Figure  11  to  be  3  psi.  From  Figure  7  (using  linear  inter¬ 
polation  between  the  c  “2  and  c  *  3.5  lines),  the  quantity  D  / B  is 
found  to  be  1.75.  Multiplying  by^,  D  is  determined  as  5.25  feet. 

This  is  the  distance  above  the  anchor  at  which  the  characteristic 
strength,  c,  is  to  be  found.  Referring  to  Figure  11  again  (and  a  depth 
of  15-5.25  *»  9.75  feet),  c  is  found  to  be  2.0  psi. 

The  buoyant  weight,  t  ,  is  35  pcf. 

(b)  Using  Equation  5: 

N  *  3.8  (D/B)  (—  +  0.3) 

c  c 

»C  ■  3-8  (»  +  °-3) 

N  »  12.38 
c 

or  9  whichever  is  saa1ler. 

Sinc£  9  ‘*.55  smaller 

N  *  9.0 
c 
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This  represents  a  "deep"  anchor. 

(c)  Using  Equation  4: 

F  «  A  (cN  +  y.  D)  (0.84  +  .16  B/L) 

1  c  b 

F  -  9  [2(9) (144)  +  35(15)]  [  0.84  +  .16  (|)] 

T  o 

Ft  *  28,000  pounds 

This  is  the  estimated  short-tern  holding  capacity. 

4.  The  load  is  to  be  applied  for  several  years  and  apparently  the 
loading  will  be  relatively  constant.  Therefore,  this  is  a  case  of 
long-term  static  loading. 

5.  (a)  No  trlaxial  tests  vere  performed.  Therefore  the  drained 
friction  angle  &  is  estimated  conservatively  to  be  25 

(b)  Using  Figure  4  with  $  *  25”  and  D/B  «  5,  N  is  found  to  be 

4.5  q 

(c)  Using  Equation  6: 

F  =  A  Y  BN  (0.84  +  0.16  B/L) 

ID  o  q 

Fto  »  9  [35(15)  4.5  ]  [0.S4  +  0.16  (|)  ] 

F _  11  21,262  pounds 

TD 

This  is  the  estimated  long-term  static  holding  capacity. 

(d)  The  long-term  bolding  capacity  is  found  to  be  less  than  the 
short-term  capacity.  Therefore  the  long-term  case  is  critical  and  should 
be  used  In  design.  The  estimated  holding  capacity  for  design  purposes 

is  then  about  21,000  pounds.  If  the  structure  were  especially  critical 
or  manned,  this  quantity  would  be  multiplied  by  0.6  to  account  for 
possible  creep  effects. 

SUMMARY  AND  CONCLUSIONS 

1.  The  state-of-the-art  of  predicting  direct  embedment  anchor 
holding  capacity  is  inexact  at  present.  This  report  was  written  to 
maximize  the  usefulness  of  existing  related  research  so  that  isesediste 
use  predictions  can  be  made.  The  predictions  given  are  not  intended 
to  be  final  but  rather  a  "best  guess"  given  the  present  state  of  tech¬ 
nology. 

2.  It  is  important  to  subdivide  the  problem  of  predicting  embedment 
anchor  holding  capacities  into  several  areas  fes cause  the  sane  anchor 

may  produce  significantly  different  capacities  under  different  loading 
and  soil  conditions.  TVo  general  soil  types,  cohesive  and  cohesionless, 
and  three  loading  conditions,  short-term,  long-term  static,  end  long¬ 
term  repeated,  were  selected  for  investigation.  Dynamic  loading  and 
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rock  were  not  considered. 

3.  Considerable  research  on  short-term  capacity  in  cohesive  end 
cohesion less  soils  has  been  accomplished.  Procedures  for  predicting 
this  capacity  based  on  empirical  results  appear  to  be  relatively  far 
advanced  and  accurate. 

4.  Bolding  capacities  under  long-term  repeated  and  long-term 
static  loading  conditions  are  not  well  understood  at  present.  It  is 
necessary  to  combine  work  fro®  other  areas  with  a  small  amount  of 
directly  applicable  research  to  yield  approximate,  isssediate  use  re¬ 
sults. 

5.  Given  these  limitations,  the  procedures  of  this  report  are 
recommended  for  use  at  the  present  tine.  Additional  research  is 
strongly  recommended. 

RECOtfttEHDATIOKS  FOR  FURTHER  RESEARCH 

1.  The  holding  capacity  of  embedment  anchors  under  static  sad 
repeated  long-term  loading  is  poorly  understood  at  present.  Of  these 
two,  static  long-tern  is  the  less  c cap lex  and ,  therefore,  should  be 
investigated  first.  Since  cohesive  soils  are  more  common  and  also 
more  susceptible  to  long-tern  effects,  they  should  be  investigated  in 
greatest  detail. 

2.  The  central  element  in  researching  long-terr  static  capacities 
in  cohesive  soils  should  be  the  snail  to  mediun  scale  laboratory  model 
test.  It  is  relatively  economical,  can  be  well  controlled,  and  o  large 
mssber  of  parameters  cam  be  measured .  The  following  types  of  experiments 
are  recommended: 

(a)  Several  cohesive  soils,  each  at  several  densities,  should 
be  investigated. 

(b)  Several  fluke  sixes  and  embedment  depths  should  be  used. 

(c)  The  soils  themselves  should  be  tested  extensively  to  deter¬ 
mine  undrained  strength,  drained  strength,  and  creep  strength. 

(d)  Short-term  holding  capacities  should  be  determined  first; 
and  then  loads  a  given  percentage  of  the  short-ter®  loads  should  be 
applied  and  the  tine  to  breakout  measured. 

(e)  Upward  anchor  novenent  and  pore  pressures  at  several  points 
in  the  soil  should  be  measured . 

3.  Analytical  research,  possibly  using  finite  element  computer 
programing ,  should  be  performed  so  that  improved  theoretical  predictions 
of  stress  distributions  and  failure  loads  can  be  made.  These  should  be 
compared  with  the  resulto  of  the  model  tests  and  modified  if  necessary 

to  comply  with  the  empirical  data. 

4.  Whan  an  adequate  prediction  technique  has  been  developed,  it 
should  be  tested  with  a  limited  mother  of  well  monitored,  long-term 
static  load,  full  scale,  field  tests. 

H.  Wien  long-tera  static  holding  capacity  is  sufficiently  well 


18 


understood,  a  progrsa,  similar  to  the  above,  for  investigating  long-tena 
repeated  loading  should  be  executed. 

6.  The  problea  of  penetration  prediction  also  deserves  additional 
research  along  sinilar  lines.  Much  of  this  is  already  underway  at  tCEL. 

7.  The  reduction  in  holding  capacity  during  earthquakes  could  be 
severe  for  anchors  embedded  Jin  silts;  research  is  needed  to  calculate 
the  sagnitude  of  the  problea. 


Figure  1 ,  Holding  copacify  factor  Nc  versus  relative  embedment  depth  D  B 
os  measured  in  laboratory  tests. 
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Holding  Capacity  Factor, 


Relative  Embedment  Depth,  D /B 


Figure  2.  Design  curves  of  holding  capacity  factor,  F3C,  versus 
relative  embedment  depth  (D /&)  approximated  from 
Figure  1 . 
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Figure  3.  Reduction  factor  to  be  applied  to  Field  Anchor  Tests 
in  clay  soils  to  occount  for  suction  effects. 


0  2  4  6  8  10 

Relative  Em&edment  Depth,  D/% 


Figure  4.  Holding  capacity  factor,  N^,  versus  relative  depth  for 
cohesionless  soil,  c  =  0. 
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Pulsating  Stress  os  Percent  of  Static  Strength 


Figure  5.  Relationship  between  number  of  load  cycles  and  pulsating 
stress  os  percent  of  normal  stress  for  Son  Francisco  Boy  mud . 
(after.  Seed  &  Chon,  1966) 
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Figure  9.  Short-term  holding  capacity  versus  depth  for  a  cohesive 
soil  with  properties  given  by  Figure  6. 
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Figure  10.  Holding  copocity  versus  depth  for  a  cohesionless  soil, 
c  s  0,  0  s  30°,  \  ;  60  pcf ,  for  anchor  plates 
L/fc  ?  1  and  2. 


Von*  Shear  Strength,  c  (psl) 


Figure  1 1 .  Von*  strength  profile  for  K>mple  problems. 
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JKMEKCLATVKE 


A  Fluke  area  (sq  ft) 

B  Fluke  width  or  dimeter  (ft) 

c  Cohesion  (undrained  shear  strength)  of  a  cohesive  soil  (psi) 

c  Cohesion  intercept  under  drained  shear  conditions  (psi) 

cg  Cohesion  (undrained  shear  strength)  at  anchor  fluke  (psi) 

D  Eabedaent  depth  of  fluke  (ft) 

D  Distance  above  anchor  at  which  characteristic  strength  (cohesion) 

is  measured  (ft) 

Soil  Median  grain  else  (she) 

Ft  Anchor  holding  capacity  under  short- t era  static  conditions  (lb) 
Anchor  holding  capacity  under  loag-tem  static  conditions  (lb) 

L  Fluke  length  (ft) 

N  Dorsal  stress  on  failure  surface  (pal) 

N^,  ^  Holding  capacity  factors 

Kc?  Holding  capacity  factor  Nc  assualng  full  suction 
Yb  Soil  buoyant  unit  weight  (pcf) 

Tf  Shear  stress  at  failure  (psi) 

<  Angle  of  internal  friction  (degrees) 

4  Angle  of  internal  friction  for  cohesive  soils  during  drained 

(long-tem)  shear  (degrees) 
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